INTRODUCTION
The production of plastics worldwide is developing rapidly, and at present its volume is in the area of 100 million t, which is equivalent to the volume of production of metals. The use of polymeric materials in different sectors of industry makes it possible to reduce the mass of components and articles and save fuel, energy resources, and scarce materials such as titanium, nickel, tungsten, cobalt, molybdenum, and so on.
Recently, the demand has grown for the production of complex-cross-section special-shape items sold by length.
The industry producing special-shape items sold by length is not keeping pace with the production of polymers themselves, among other things because of imperfect production technology.
The calculation and design of processing equipment, machining attachments, and plastic items themselves, and also the technological certifi cation of the materials processed, present a very important and broad set of problems.
All these facts justifi ed the selection of the direction of developing high-throughput multistream extruder heads for the manufacture of special-shape items sold by length that are widely used in different sectors of industry, in particular multistream extruder heads for the manufacture of skirting, furniture runners, and beading, and investigating the hydrodynamics of polymer melt fl ows in the moulding channels of developed designs and the process of high-elastic recovery of the extrudate in them.
DEVELOPMENT OF DESIGNS OF MULTISTREAM EXTRUDER HEADS FOR THE MANUFACTURE OF SPECIAL-SHAPE ITEMS SOLD BY LENGTH
On the basis of an analysis of designs of multistream extruder heads for the manufacture of polymeric strips, cable cores, rods, hosing, tubes, roving, sticks, and strands, and also using the method developed in the present work for calculating the moulding channels of multistream extruder heads for the production of special-shape items sold by length with the use of the results of conducted experimental investigations of the rheological and hydrodynamic characteristics of polymer melt fl ows (including the results of an experimental study of the post-extrusion process of high-elastic recovery of the polymer melt jet during the extrusion of polymeric articles), high-throughput multistream extruder heads have been designed for the manufacture of skirting, furniture runners, and beading.
Description of the design of a multistream extruder head for the manufacture of skirting from polymeric materials
In the design of a high-throughput multistream extruder head for the manufacture of skirting from polymeric materials, it was necessary to select the type of polymeric material and to calculate the size of the head on the basis of the size of the skirting.
Polymeric skirting is manufactured by extrusion, which is due to its high throughput, economy, universality, and complete automation. The moulding of skirting from a polymer melt during extrusion is done using four moulding channels.
The developed design of multistream extruder head [1] for the manufacture of skirting from polymeric materials is presented in Figure 1 , which shows the longitudinal section of the multistream extruder head and the transverse section A-A of the head.
The multistream extruder head for the manufacture of skirting from polymeric materials contains a housing 1 in which a cruciform core 2 (made of two welded sections) with a cruciform effective cross-section of the channel 3 is fi tted, with an aperture 4 provided for infl ow of coolant for the cooling system. The core 2 is fi tted in grooves 5 of the housing 1 with the aid of screws 6. Profi ling strips 7 having a special profi le in the form of a second-order curve 8 with rounded edges 9 are rigidly fi xed to the housing 1 by screws 10. As a result of the connection and confi guration of the core 2 and the profi ling strips 7, four moulding channels 11 for the polymer are formed, connected to the feed channel of the head 12, at the inlet of which a homogenising grid 13 is mounted. The head is attached to the extruder using a coupling fl ange 14.
Since a moulding channel is formed by connection of core 2 and profi ling strip 7, which are made with a high surface purity class (∇10-∇12), this makes it possible, by alignment of the indicated parts, in the case of assembly without the slightest gaps, to produce a one-piece profi le channel 11 in which, when the polymer melt jet is forced through, no traces of the points of connection of the composite elements are formed on the surface of the special-shape item, and skirting of high quality with a lustrous surface is produced.
Special features of the given design of multistream extruder head are that the core is cruciform, with a cruciform-cross-section circulating channel for the cooling system, while the profi ling strips have a profi le in the form of a second-order curve with rounded edges and are fi tted by screws on the housing symmetrically to the longitudinal axis.
The multistream extruder head has the following geometric dimensions: housing diameter 150 mm; length 300 mm; profi le channel length 120, 140, and 160 mm. Skirting was produced from a soft cable compound of grade 0-40 with the following geometric dimensions: side length 30 mm, angle between sides 90° mm, bending radius 15 mm.
The curvature of the profi le is estimated by means of the equation:
where K is a constant selected as a function of the size of the skirting and the depth of the concavity (the curvature of the profi le) and amounted to K = 0.02 1/mm, and Y and Y are the coordinates of the concavities (in the given case Y max = 30 mm).
The technical and cost effectiveness of using the proposed multistream extruder head for the manufacture of skirting from polymeric materials consists in the fact that it makes it possible to improve product quality through the presence of a cooling system and a suffi ciently accurate adjustment of the core with the profi ling strip, and to produce a moulded surface of the skirting with highly accurate adherence to geometrical dimensions with the elimination of stagnant zones; to make available, for use elsewhere, the expensive wood previously used in the production of skirting boards, replacing it with polymeric material of superior processing properties; to minimise material losses on account of the symmetric confi guration of the moulding channels, eliminating uneven extrudate discharge; to increase extrusion productivity by a factor of 4.
Russian Patent 2146614 has been obtained for the developed design of multistream extruder head for the manufacture of skirting boards from polymeric materials.
Description of the design of a multistream extruder head for the manufacture of polymeric furniture runners
The developed design of multistream extruder head for the manufacture of polymeric furniture runners is presented in Figure 2 , which shows the longitudinal section of the multistream extruder head and the transverse section A-A of the head.
The multigroove extruder head for the manufacture of polymeric furniture runners contains a housing 1 in which is placed a sectional core (in two sections 2 and 3 of segmental cross-section, between which there is an insert 4 of two-key profi le) mounted relative to the longitudinal axis of the head using cylindrical pins 5.
As a result of connection of the two core sections 2 and 3 and the insert 4, four moulding channels 6 and 7 (upper) and 8 and 9 (lower) are formed for the moulding of polymeric furniture runners of prescribed cross-sectional size. For the cooling system, four channels 10 are provided in the insert 4, connected to each other by a channel 11, with a connecting pipe provided for coolant infl ow.
Before the polymer inlet into the moulding channels, an additional element 13 is mounted using a pin 14. The element has a sharp edge of diametric partition 15 for uniform distribution of the overall fl ow along the two guide channels 16 and 17 with varying cross-sectional profi les by means of inclined walls 18 and 19, which narrow the effective cross-section of delivery of the polymer before the inlet into moulding channels 6 to 9.
Channels 16 and 17 were connected to the feed channel of the head 20, at the inlet of which was placed a homogenising grid 21. The head was attached to the extruder by a coupling fl ange 22.
Parts 2 to 4 are made of steel 45 with a high surface purity class (∇10-∇12), which makes it possible, by combining the indicated parts, with assembly without the slightest gaps, to produce one-piece special-shape channels 6 to 9 in which, when the polymer melt jet is forced through, no traces of the points of connection of the main elements are formed on the surface of the profi led item, and furniture runners of high quality with a lustrous surface are produced.
The extruder head had the following geometric dimensions: housing diameter 150 mm; length 250 mm; length of special-shape channels 0.15 m. Furniture runners of 9 × 24 mm overall size were obtained. With grooves of 5 mm rim height and 6 mm width, the thickness of the bottom of the rims was 4 mm. Furniture runners of PSM-115 polystyrene were obtained.
The optimum extrusion regime for the indicated material was a temperature of 438-543 K and a produced pressure of 4.0-5.0 MPa.
The technical and cost effectiveness of using the proposed multistream extruder head for the manufacture of polymeric furniture runners consists in the fact that it makes it possible to improve product quality through the presence of the cooling system and a suffi ciently accurate adjustment of the component parts of the core, and to produce a moulded surface of the furniture runners with highly accurate adherence to geometric dimensions with the elimination of stagnant zones; to minimise material losses on account of the symmetric confi guration of the moulding channels, eliminating uneven extrudate discharge; to increase extrusion productivity by a factor of 4.
Russian Patent 2180287 has been obtained for the developed design of multistream extruder head for the manufacture of polymeric furniture runners.
Description of a three-stream extruder head for the manufacture of polymeric beading
In the development of the design of a three-stream extruder head for the manufacture of polymeric beading, the output of three extruded beadings simultaneously in the same horizontal plane on a plane bed was factored in, making it possible to simplify considerably the subsequent post-extrusion operations (such as stretching, cooling, and cutting to lengths of the beading).
The design developed of three-stream extruder head for the manufacture of beading is presented in Figure 3 , which shows the longitudinal section along the line of connection of the sections of the three-stream extruded head and the transverse section A-A of the head with account taken of the upper section.
The three-stream extruder head for the manufacture of polymeric beading contains a housing 1 consisting of two sections of rectangular cross-section: the upper section 2 with a longitudinal recess of triangular shape 3 which forms the upper part 4 of the moulding channel 5, and here the angle is the same as in the manufacture of traditional wood beading, which ensures close fi tting of the fl at surfaces during assembly, and a lower section 6 with a longitudinal recess of parabolic shape 7 which forms the lower part 8 of the moulding channel 5. In sections 2 and 6 there are transverse grooves of lenticular shape 9 for the fi tting of a one-piece core holder at inlet 10 and a composite core holder 11 fi tted before the extrudate outlet, and the cross-section of both core holders is identical to the geometric cross-section of a convex symmetrical lens 12. Such a cross-sectional shape makes it possible to lower the hydraulic resistance of melt fl ow, and also improves the uniform distribution of extrudate over the entire cross-section of the moulding channel.
Three cores 13 are fi xed rigidly to the core holders by welding, parallel to the longitudinal axis of the head, and fi tted in grooves 9 of the upper and lower sections 2 and 6. With such assembly, displacement of the cores is ruled out, and thereby the prescribed geometric dimensions of the item are maintained.
As a result of connection of the two sections by bolts 14 and nuts 15, and the installation in them of core holders 10 and 11 and cores 13, three moulding channels 5 are formed for the moulding of polymeric beading ( Figure  3 , position 16) of prescribed cross-sectional dimensions. For the cooling system, four channels 17 are provided in the upper section and four channels 18 are provided in the lower sections, as well as a connecting pipe for the delivery of coolant (not shown in the drawings). By means of screws 19, the sections are fi tted to a connecting plate of rectangular cross-section 20 in which a feed channel 21 is provided. The head is attached to the extruder by connecting plate 20.
Special-shape moulding channels 5 are formed by connecting the two sections 2 and 6 of the extruder head and the cores 13 positioned in them by means of bolts 14 and nuts 15. Parts 2, 6, 10, 11, and 13 are manufactured from steel 45 with a high surface purity class (∇10-∇12), which makes it possible, by combining the indicated parts, with assembly without the slightest gaps, to produce one-piece moulding channels 5 in which, when the polymer melt jet is forced through, no traces of the points of connection of the main elements are formed on the surface of the profi led item, and beading of high quality with a lustrous surfaces is produced.
Special features of the given design of three-stream extruder head consist in the fact that the housing consists of two sections of rectangular cross-section, the upper section having a longitudinal recess of triangular shape with a right angle at its apex, and the lower section containing a recess of parabolic shape, and here transverse grooves of lenticular shape are provided in the sections for fi tting two core holders with the crosssection of a convex symmetrical lens.
The extruder head had the following geometric dimensions: housing width 150 mm; height 120 mm; length 250 mm; length of moulding channels 120, 150, and 175 mm.
The curvature of the parabolic profi le is described by the equation
where K is a constant designed as a function of the size of the beading and the depth of the recess of the lower section of the head (in the given case, constant K = 0.0532 1/mm), and Y and X are the coordinates of the recess (in the given case Y max = 12 mm).
Beading of 01003 polypropylene was produced.
The technical design of the three-stream extruder head for the manufacture of beading ensures a saving of polymeric material in manufacture and an improvement in quality of the extruded beading and in manufacturing technology. Expensive wood previously used for the production of items of this kind is made available, replacing it with polymeric material that is superior in the main technical and economic indices.
Owing to the cores placed in the moulding channels, the complete beading is produced, and also, on account of the parabolic convexity as opposed to round convexity, the consumption of materials is reduced.
The high frequency of treatment of the composite parts of the moulding channel ensures their precise adjustment, while the absence of stagnant zones on account of the lenticular profi le of the core holders raises the quality and accuracy of the dimensions of the beading formed.
The simultaneous output in the same horizontal plane of three extruded beadings on a fl at bed makes it possible to simplify considerably the subsequent post-extrusion operations (such as stretching, cooling, and cutting to length of the beading).
Russian Patent 2194618 has been obtained for the developed design of three-stream extruder head for the manufacture of polymeric beading.
STUDY OF THE HYDRODYNAMICS OF POLYMER MELT FLOWS IN THE MOULDING CHANNELS IN THE DEVELOPED DESIGNS OF MULTISTREAM EXTRUDER HEADS

Method for calculating multistream extruder heads for the manufacture of polymeric specialshape items sold by length
The main method for calculating multistream extruder heads for the manufacture of polymeric special-shape items is either to determine the fl owrate Q from the pressure gradient P or, conversely, from prescribed values of the fl owrate Q, to fi nd the pressure gradients
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T/61 P corresponding to them [4] .
A procedure was developed for calculating the hydrodynamic characteristics of the polymer melt fl ows during multistream extrusion on the basis of elasticity theory of similar metal rods with the use of shape factors obtained using membrane analogy. The main relation for calculating the hydrodynamic characteristics of polymer melt fl ows with an arbitrary rheological law in moulding channels of any complex cross-sectional geometry has the form (3) where Q is the mass fl owrate of the polymer (kg/s), S is the cross-sectional area of the moulding channel (m), R h is the hydraulic radius of the moulding channel (m), P is the density of the polymer melt (kg/m 3 ), τ 0 is the shear stress on the channel wall (Pa), τ is the total shear stress (Pa), ϕ is the polymer melt fl ow (1/Pa s), a and b are coeffi cients depending on the cross-sectional shape of the channels, and n is the number of moulding channels.
In equation (3) the coeffi cients a and b, which are referred to below as the "shape factors" on the basis of mathematical analogy between laminar enforced fl ow of viscous liquid and the theory of the torsion of rods of equivalent cross-sections, are determined from the following expressions: (4) where R is the radius of a round hole in a sheet (m), R h is the hydraulic radius of the hole of the investigated channel cross-section (m), h max is the maximum defl ection of the membrane for the hole of the investigated crosssection (m), and h max.r is the maximum defl ection of the membrane for the round hole (m), and (5) where V r is the volume of liquid beneath the membrane for the round hole (m 3 ), S is the area of the investigated cross-section (m 2 ), and V is the volume of liquid beneath the membrane for the investigated cross-section (m 3 ).
The shape factors entering expression (3) were determined experimentally on a membrane-analogy instrument [5] .
The shape factors for investigating the special-shape channels of the developed multistream extruder heads that were obtained on the membrane-analogy instrument are presented in Table 1 .
Investigation of the rheological properties of industrial polymers for the manufacture of special-shape items sold by length
For practical realisation of relationship (3) it is necessary to know the rheological characteristics of the polymers used or the composites based on them.
In the present work, the following multitonnage polymers widely used in the chemical industry were investigated: low-density polyethylene (LDPE) of grade 15802-020, polystyrene of grade PSM-115, polypropylene of grade 01003, and soft cable compound of grade 040, the viscous properties of which have been well studied.
Melts of the investigated polymers are typical viscoelastic liquids.
Values of the densities of the indicated polymers as a function of temperature, according to reference [5] , are given in Table 2 .
The rheological properties of the above polymers were investigated on a capillary viscometer on two round-cross-section capillaries of 50 and 75 mm length made from steel 45 (GOST 1050) with an internal surface treatment purity of the channel R a 0.8. Input effects were eliminated by means of E. B. Bagley's two-capillary method, and all the necessary calculations concerning the viscometry of the investigated polymer melts were conducted by Vinogradov's procedure [6] .
For convenience of theoretical calculations, instead of the effective viscosity, its inverse quantity -effective fl ow -was adopted. The results of investigating the rheological properties of the polymers must be regarded as the starting material for subsequent calculations of the hydrodynamic characteristics of the fl ows.
Results of experimental investigation of the processes of polymer melt fl ow in the specialshape moulding channels of multistream extruder heads and their comparison with theoretical data
For comparison of theoretical and experimental data on the input-output characteristics, experimental investigations were conducted on an experimental unit with an ATL-45 extruder manufactured at the V. V. Kuibyshev Press-Forging Equipment Factory, Khmel'nitskii (Ukraine) and having a screw of 40 mm diameter and 640 mm length.
Experimental investigations of polymer melt fl ow were conducted in the special-shape channels, the cross-sectional contours and lengths of which are given in Table 1 .
The experimental investigations consisted essentially in the following. The investigated extruder head with moulding channels was premounted on the material barrel of an extruder.
Thermoelements were included in the extruder head and material barrel, and, on the achievement of the specifi ed temperature, it was maintained with an accuracy of 0.5 K and monitored by means of a KSP-4 instrument.
In the investigation, only reproducible experimental results were taken: the experiment was considered to be ended if two curves Q = f(P) obtained for the same channel under identical conditions differed by no more than 2-3%.
Investigations were conducted in the region of a laminar regime during thermal fl ow of polymer melts.
As shown by calculations for maximum fl owrates at maximum pressure gradients and high experimental temperatures, the Reynolds number did not exceed unity. The results of investigations are presented in Figures 6 and 7 in the form of graphic dependences of the extrudate fl owrate on the pressure gradient, where the continuous line shows the theoretical solution and the points show experimental values, and here the maximum divergence between them amounted to 9-12%.
Results of investigating the swelling of the extrudate during the discharge of polymer melts from the special-shape moulding channels
The effect of post-extrusion swelling of polymer melts is attracting the attention of many researchers on account of the plain connection of this effect with high elasticity -fundamental properties of these systems -and the practical importance of taking into account the change in dimensions of the extrudate when selecting the required dimensions of the channels for the manufacture of items of specifi ed cross-sectional shape.
Using the data obtained, the elastic recovery of the extrudate jet was assessed from the swelling coeffi cient, which is determined by means of the formula: (6) where S e and S are respectively the cross-sectional area of the extrudate and of the moulding channel (m 2 ).
The results of experiments are presented graphically in Figures 8 and 9 in the form of the dependence of the swelling coeffi cient on the extrusion pressure, K = f(P). The points give experimental values of the swelling coeffi cients of the extrudates, and the continuous lines give values theoretically calculated by means of formula (7).
Using the π-theorem and group theory, a dependence was obtained that made it possible theoretically to describe quantitatively the swelling effect as polymer melts were forced through the moulding channels of any complex cross-section.
Using the data obtained, the elastic recovery of the extrudate jet was estimated from the swelling coeffi cient determined by means of the following mathematical model: where K is the swelling coeffi cient, B is a coeffi cient depending on the nature of the material, a and b are coeffi cients depending on the cross-sectional shape of the channel, m 1 , m 2 , n 1 , n 2 , and n 3 are exponents depending on the type of polymer, determined by E. B. Bagley's method, γ is the shear rate gradient, η is the effective viscosity, Θ is a parameter characterising the high-elastic properties of the material, P is the pressure in the head that is produced by the extruder, and L and S ch are the length and cross-sectional area of the channel.
As can be seen from the given dependence, the swelling coeffi cient of the extrudates is infl uenced by the molecular characteristics, the production conditions, the physical properties of the material, and also the geometric parameters of the forming channels.
From an analysis of the results (Figures 8 and 9) it can be seen that the greatest relative deviation between the experimental values of the swelling coeffi cient and the values of the proposed dependence for all investigated channels does not exceed 5%.
Thus, the conducted comparisons make it possible to conclude that the mathematical model proposed by us describes with suffi cient practical accuracy the process of high-elastic recovery of the polymer melt jet, and therefore it can be used for calculations of the swelling coeffi cients of thermoplastics when they are discharged from moulding channels of different geometric crosssection. 4 . CONCLUSIONS 1 . On the basis of the conducted theoretical and experimental investigations, high-throughput designs of multistream extruder heads have been developed for the manufacture of special-shape polymeric products -skirting, furniture runners, and beadingthat will make it possible to increase the productivity of the extrusion process, to minimise material losses owing to equivalent confi guration of the moulding channels eliminating uneven extrudate discharge, to make available expensive wood previously used in the production of items of this kind, replacing it with polymer, and also to improve working conditions and the ecological situation.
2. On the basis of theoretical investigations, a procedure has been selected for calculating the main hydrodynamic characteristics of special-shape moulding extruder heads, based on the use of shape factors.
3. The membrane analogy method has been used to determine the shape factors of the investigated crosssections of the moulding channels of multistream extruder heads.
4. Experimental investigations have been conducted on the enforced fl ow of polymer melts in the special-shape moulding channels of the developed multistream extruder heads. The deviation of the results of theoretical solution from experimental values lay in the 9-12% range.
5. A mathematical model has been developed, making it possible to describe quantitatively the effect of swelling during the extrusion of polymeric items of complex cross-section.
